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Abstract
Background: The reuse of treated municipal wastewater is an important source of water for different 
purposes. This study evaluated the efficiency of the electrocoagulation process in removing turbidity, 
total suspended solids (TSS), chemical oxygen demand (COD), nitrate, and phosphate from wastewater 
at the treatment facility in Karaj, Iran. 
Methods: This experimental study was performed at a pilot scale and in a batch system. A 4-liter tank 
made from safety glass with 4 plate electrodes made from aluminum was unipolarly connected to a 
direct current power supply with a parallel arrangement. Wastewater samples were taken from the 
influent at the Karaj wastewater treatment facility. Rates of turbidity, TSS, COD, nitrate, and phosphate 
removal under different conditions were determined.
Results: The highest efficiency of COD, TSS, nitrate, turbidity, and phosphate elimination was achieved 
at a voltage of 30 volts and a reaction time of 30 minutes. The rates were 88.43%, 87.39%, 100%, 80.52%, 
and 82.69%, respectively.
Conclusion: Based on the results of this study, electrocoagulation is an appropriate method for use in 
removing nitrate, phosphate, COD, turbidity, and TSS from wastewater.
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Introduction
Treated municipal wastewater is a valuable source of wa-
ter for different purposes such as irrigating agricultural 
land and green spaces, breeding fish, and artificially re-
charging underground wastewater (1). Wastewater carries 
various pollutants that can be classified into the following 
four groups based on their characteristics: total suspended 
solids (TSS), non-organic particles, organic particles, and 
microorganisms (2). 
Among the parameters that are important for evaluating 
the performance of wastewater facilities are the chemi-
cal oxygen demand (COD) and nitrogen and phosphorus 
compounds in the effluent of such treatment units. Or-
ganic decomposable materials are always measured ac-
cording to biological oxygen demand (BOD) and COD. 
If these materials enter the environment untreated, their 
biological stability can lead to decreased oxygen resourc-
es, anaerobic circumstances, and the dissemination of bad 
odors as from hydrogen sulfide (3,4).
The phosphate compounds in wastewater become dis-
solved orthophosphates after hydrolysis and biological 
degradation which is used in water resources by micro-
organisms, especially algae. Phosphorus can lead to in-
creased algae growth and eutrophication in bodies of 
water. Therefore, controlling the growth of algae and pre-
venting eutrophication in water resources by removing 
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phosphorus from municipal wastewater can be impor-
tant factors for saving the quality of limited fresh water 
resources (5). 
Electrocoagulation is the coagulation of material onsite 
using electrolysis with soluble anode electrodes which 
are usually made from Fe or Al (6). The electrochemical 
oxidation of Fe or Al at the anode makes metal cathodes, 
but oxidation at the cathode usually makes hydrogen. 
The electrochemical process includes many chemical and 
physical phenomena such as electrical discharge, anode 
oxidation, cathode reduction, coagulation, electrophore-
sis migration, and surface adsorption. Moreover, in elec-
trocoagulation, the solution does not saturate with anions 
and its salt content does not increase as with chemical 
sedimentation (7). 
The use of Al electrodes produced reactions in this study 
as listed below (6):
Al(OH)2+ + H2O → Al(OH)3 + H+                                                              (1)
Al(OH)3 + H2O → Al(OH)4- + H+                                       (2) 
Al3+ + H2O → Al(OH)2+ + H+                                              (3)
Al(OH)2+ + H2O → Al(OH)2+ + H+                                   (4)
In this process, metal hydroxides are made and combined 
with pollutants. Bigger clots are formed, and as air bubbles 
rise to the surface of the reactor, the lighter particles re-
main floating. Thus, by using the two phenomena of float-
ing and sedimentation, pollutants are removed from the 
environment (8). Therefore, the mechanism of removal 
in the electrocoagulation method is the particle instabil-
ity method which includes electrical double-layer com-
pression, surface adsorption and electrical neutralization, 
sweeping coagulation, and bridging between particles 
(9). Meanwhile, the metal hydroxides in the aqua phase 
remain as a colloid suspension and are able to remove pol-
lutants from wastewater by complexing or electrostatic 
force (surface adsorption), which leads to coagulation. In 
the mechanism of forming surface complexes, pollutants 
as chemicals will make complexes with metal hydrated 
cations; through sedimentation or floating on the surface 
of the solution, which leads to the formation of sludge, 
they will remove pollutants (10). Electrocoagulation has 
been used successfully to treat the wastewater of indus-
tries such as plating, textiles, olive oil production, laundry, 
tannery, paper and pulp, fermentation, and slaughtering 
(6,7).
Wang et al evaluated turbidity removal from wastewater 
at 20 volts and reached a 98% efficiency (11). Merzouk 
et al investigated the removal of suspended solids from 
textile wastewater by using the electrical-coagulation and 
flotation process and achieved a removal efficiency under 
optimum conditions (11.55 mA/cm² current intensity, 1 
cm space between electrodes, and 10 minutes of contact 
time) of 86.5% (12).
Among the advantages of electrical coagulation are the ca-
pabilities of adjusting to different situations, selecting, au-
tomatic regulation, and compatibility with environmental 
conditions, simple equipment, high speed, no needing 
for specific chemicals, small sludge production volumes, 
short contact time, simple operations, and the capability 
of treating a wide range of pollutants (7). This study evalu-
ated the efficiency of electrocoagulation using aluminum 
electrodes for treating municipal wastewater from the 
Karaj wastewater treatment plant. 
Material and Methods
Sampling and analysis
In this study, combined sampling was performed on the 
influent of the Karaj wastewater facility. Samples were 
transferred to the lab in 50-liter polyethylene containers. 
To prevent any change in quality before analysis, the sam-
ples were stirred again. All experiments were done accord-
ing to the standard methods for the examination of water 
and wastewater (13). The methods used to analyze each 
parameter are shown in Table 1.
Electrocoagulation cell
This study was done experimentally in a plexiglass batch 
reactor with the dimensions of 16×16×16 cm and a vol-
ume of 4 liters which was resistant to acid. Four unipolar 
electrodes made from aluminum sheets with the dimen-
sions of 14×14 cm and a thickness of 0.2 cm were installed 
in the reactor and connected to the feeding source unipo-
larly and parallelly. This pattern consumes less energy in 
comparison to the series method. In this experiment, the 
electrical digital converter Matrix Ltd (MPS-30051) which 
can convert urban electricity to direct electrical current 
was used. The electricity entering the electrical converter 
was an alternating current, and the exiting electricity was 
direct. The Rogale multimeter was used to measure the 
electrical current. Cell contents were stirred using a Hei-
dolph MR 3001 stirring device at 200 rpm. The electrodes 
were placed 2 cm away from the base of the reactor so that 
stirring could be done efficiently.
Electrocoagulation procedure and calculations
The efficiency of the electrocoagulation process in re-
moving turbidity, TSS, COD, nitrate, and phosphate from 
wastewater from the Karaj facility was evaluated under the 
circumstances shown in Table 2.
Table 1. Methods used to analyze each parameter
Pollutant Unit Experimental number Method Model Reference
Nitrate mg/L SM4110-B Spectrophotometer HACH America (13)
Phosphate mg/L SM4110-B Spectrophotometer HACH America (13)
COD mg/L SM5220-D Spectrophotometer HACH America (13)
TSS mg/L 2540 Total solids dried at 103-105 c - (13)
Turbidity NTU SM2130-B Nephlometry HACH America (13)
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Based on the results of other studies, technical and eco-
nomic constraints, and the aim of the researcher to deal 
with a real-time situation, this study evaluated a short 
contact time with high voltage (contact time: 15 minutes; 
voltage: 45 V), average voltage times with average voltage 
(contact times: 20 and 30 minutes; voltage: 30 V), and a 
long contact time with low voltage (contact time: 45 min-
utes; voltage: 15 V). 
Samples (50 mL) were taken from the middle of the re-
actor. After the end of each experiment, the electrodes 
were scratched with water, washed with diluted hydrogen 
chloride, and weighed after washing with distilled water. 
In Figure 1, the schematic view of the electro-coagulation 
reactor used in this research is shown.
The electrical energy used is an important economic pa-
rameter in the electrocoagulation process; it is calculated 
using the following formula (14):
P = (U.i.t)/V                                                                           (5)
where P is the amount of electricity used (kwh/L), U is the 
electrical voltage (V), I is the electrical intensity (A), t is 
the contact time (h), and V is the volume of wastewater 
or water (L) for each setting up of the device (14). Also, 
the number of electrodes used at the end of each experi-
ment was determined by subtracting the initial and final 
weights.
Results
The quality indices of the municipal wastewater sampled 
can be seen in Table 3.
The present study evaluated the efficiency of the electro-
coagulation process using aluminum electrodes in remov-
ing COD, TSS, nitrate, turbidity and phosphate from raw 
municipal wastewater in 3 different situations 1) contact 
times of 45 and 60 minutes with the potential difference 
of 15 V and electrical currency of 1.5 A; 2) contact times 
of 20 and 30 minutes with the potential difference of 30 
V and electrical currency of 3.4 A; 3) contact time of 15 
minutes with the potential difference of 40 V and electri-
cal currency of 5.3 A.
The elimination efficiency of nitrate, phosphate, COD, 
turbidity, and TSS by electrocoagulation is shown in Table 
4. As can be seen, with increases in voltage and contact 
time, the removal rates of nitrate, phosphate, COD, tur-
bidity, and TSSs increased as well. The maximum removal 
efficiency rates of COD, TSS, nitrate, turbidity, and phos-
phate were seen under conditions of 30 V and a reac-
tion time of 30 minutes and were 88.43%, 87.39%, 100%, 
80.52%, and 82.69%, respectively.
Figure 2 presents the number of electrodes used (g/m3) 
in different voltages. The maximum electrode usage was 
2.62 g/m3 at 45 V and a contact time of 60 minutes. Fig-
ure 3 presents the electrical energy (kWh/L) consumed in 
different times and voltages during the electrocoagulation 
process. The maximum amount of electricity used was 
0.095 kWh/L at 60 minutes and 45 V.
Discussion
The maximum efficiency for removing turbidity, TSS and 
COD occurred in 30 minutes of contact time and at 30 V; 
the minimum efficiency for removing turbidity occurred 
at 15 V of potential difference and in a contact time of 45 
minutes. As Table 4 shows, at specific reaction times and 
with increases in electricity voltage, the efficiency of re-
moval increased. Rahmani and Samarghandi studied the 
efficiency of the electrocoagulation method in removing 
COD from wastewater; they concluded that by increasing 
the voltage, the percentage of COD removed increased as 
well (15). Arbabi et al investigated the electrocoagulation 
process for treating wastewater from a baker’s yeast plant. 
The COD and turbidity removal efficiency rates turbidity 
increased with the promotion of current density (16). The 
results of this study corresponded to those of Rahmani and 
Samarghandi and those of Arbabi et al. Increasing current 
density produced larger and heavier flocs. The number of 
bubbles decreased, but their density increased. As a result, 
lightweight particles were removed by the bubbles (17). 
Based on the results of this study, it can be concluded that 
Table 2. Experimental conditions
Contact time (min) Potential difference (V) Electrical currency (A)
15 45 5.3
20 30 3.4
30 30 3.4
45 15 1.5
60 15 1.5
Figure 1. Bench-scale EC reactor with monopolar electrodes in parallel connection (a); image of   electrocoagulation (b).
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increasing retention time to 30 minutes increases removal 
efficiency, but no significant increase in removal effi-
ciency will result when retention time is longer than 30 
minutes. Other studies have shown that at a contact time 
of less than 15 minutes (between 10 V to 40 V), removal 
efficiency is low, because coagulants do not form; a con-
tact time of more than 60 minutes is not wise because of 
economic reasons, the formation of many clots, and the 
possibility of their breakage. Therefore, the appropriate 
time interval for the electrocoagulation process is between 
15 to 60 minutes. Merzouk et al in 2009 (12), Parsa et al 
in 2011 (18), and El-Ashtoukhy et al in 2010 (19) con-
firm the above results.  In this study, the maximum effi-
ciency for nitrate removal happened at a contact time of 
30 minutes and 30 V; the least efficiency occurred at 30 
V and a contact time of 20 minutes. In a study done by 
Bazrafshan et al, the maximum removal of nitrate from 
the solution by iron electrodes (96%) happened at 40 volts, 
60 minutes of contact time, and an initial concentration 
of 5 mg/L (20). Their study showed that as contact time 
and potential difference increase, removal rates increase 
as well, which is similar to the present study. In another 
study done by Razavi et al on laundry wastewater using 
electrocoagulation, results showed that using this method 
with aluminum electrodes can lead to a nitrate removal 
efficiency of 68% (21). 
In the current study, the maximum efficiency in remov-
ing phosphate happened at 30 minutes and 30 V, and the 
minimum efficiency happened at 15 V and 60 minutes of 
contact time. According to these results, increases in volt-
age have a stronger effect in comparison to reaction time 
in increasing efficiency. In the study of Takdastan et al 
about eliminating phosphate, in 90 minutes with 30 V, the 
efficiency was 99%. They further showed that increases in 
voltage and reaction time caused increased efficiency (22). 
Valero and colleagues’ study in 2011 (23) confirmed these 
results.
One of the most important criteria in choosing an ap-
propriate process for removing pollutants is its cost-ef-
ficiency; therefore, after each series of experiments with 
Table 3. Quality indices of sampled wastewater
Parameter Unit Samples number Minimum Maximum Mean SD
Suspended solids mgLˉ¹ 9 225 232 228.3 ±3.5
Turbidity NTU 9 152 165 157.5 ±6.57
Phosphate mgLˉ¹ 9 6.52 6.76 6.64 ±0.12
Nitrate mgLˉ¹ 9 5.9 6.5 6.22 ±0.3
COD mgLˉ¹ 9 415 441 428 ±13
pH - 9 6.3 8.1 7.2 ±0.9
Table 4. Effects of potential difference and reaction time on elimination of nitrate, phosphate, COD, turbidity, and suspended solid particles
Pollutant Reaction time (min)
Electrical 
currency (A)
Potential 
difference (V)
Mean concentration of 
wastewater entering 
electrocoagulation
Mean concentration 
of wastewater exiting 
electrocoagulation
Mean percent of 
elimination
Nitrate
15 3.4 30 6.3 1.2 80.95
20 5.3 45 6.2 1.16 81.29
30 3.4 30 6.5 0 100
45 1.5 15 5.9 1.1 81.35
60 1.5 15 6.1 0.5 91.80
Phosphate
15 3.4 30 6.64 1.79 73.04
20 5.3 45 6.6 1.56 76.36
30 3.4 30 6.76 1.17 82.69
45 1.5 15 6.52 1.73 73.46
60 1.5 15 6.56 1.97 69.97
COD
15 3.4 30 437 93 78.71
20 5.3 45 430 76 82.32
30 3.4 30 441 51 88.43
45 1.5 15 415 131 68.43
60 1.5 15 421 121 71.25
Turbidity
15 3.4 30 159 52.96 66.69
20 5.3 45 158 42.83 72.89
30 3.4 30 163 32.56 80.52
45 1.5 15 152 74.5 50.99
60 1.5 15 155 71.73 53.72
TSS
15 3.4 30 231 59.66 74.17
20 5.3 45 225 41 81.78
30 3.4 30 230 29 87.39
45 1.5 15 229 96.33 57.93
60 1.5 15 226 85.66 62.1
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the electrocoagulation process, the aluminum electrodes 
were weighed and the number of electrodes used under 
different circumstances was determined. As voltage in-
creased in the process, the number of electrodes used also 
increased. The maximum amount of decrease in electrode 
weights happened at 45 V, and the minimum amount 
happened at 15 V (Figure 2). The results of Adhoum and 
Monser on removing phenol compounds using electro-
coagulation showed that even though removal efficiency 
increases with increases in voltage, electrode and energy 
consumption increases as well (24).
The minimum and maximum amounts of energy con-
sumed were 15 V and 45 V, respectively. As can be seen in 
Figure 3, energy consumption is directly correlated with 
voltage; as voltage increased, electricity consumption in-
creased as well. Increased voltage is related to increased 
speed of the production of electrolysis products, such as 
hydrogen in the cathode, and increases in reduction con-
ditions which lead to increased elimination efficiency 
(25). This finding is in line with those of Pletcher (26) 
and Malakootian et al (17). Decreases in electrical inten-
sity also occur with increases in electrolysis time; this is 
related to the surface absorption–reabsorption reaction 
and blocking currency. This result is in line with those of 
Walsh (27) and Mahvi et al (28).
Conclusion
This study evaluated the capabilities of the electrocoagu-
lation method with aluminum electrodes for removing 
COD, TSS, nitrate, turbidity, and phosphate from munici-
pal wastewater. The results showed that the efficiency of 
removing pollutants is directly related to increased volt-
age and contact time. The efficiency rates of removing 
COD, TSS, nitrate, turbidity, and phosphate from munici-
pal wastewater using electrocoagulation with aluminum 
electrodes at 30 V and 30 minutes of contact time were 
88.43%, 87.39%, 100%, 80.52%, and 82.69%, respective-
ly. The results of this research can be used by municipal 
wastewater facilities.
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